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‘l'ooh, -+Note No., Aero,

* Note vn the Pfincipal ‘ferms now used in 'Long:ltudinal Stability

introdi.:ory

In the consideration of longitudinal stability a distinotion is
mede bhetwcen ntatic ene dynemic stability, Static stavility is con-
cerned only vith thc static moments that develop on an aeroplane in
straight £lirht when it is disturbed slipghtly from 2 trimmed atate, with
the static forces on the acroplune remaining in equilibrium, The static
stubility is thun @ omensure of the tendency of these momunts to restore
the acropluns to 2 trimncd statc, Tn the motion that follows the intro-
duction of th. disturbinee dynumic and inertia forces and moments all
contribute to th. at:bility characteristios of the ucroplegne, and they
ur tilken into account vhen dynumic stability 1s considerced, liznocuvr-
nbilily, or th, rusionse of an wuroplan: to the pilot's nctions, is very
clusuly vonnuetud with dynanic stebility and 1s included in the follow-
ing discussion,

The r:tea3 of variation of the ncrodynomic forces ond moments with
control nutiing:, velocity componunts, ete, arc turmed derivatives,
Thins derividiven play @ most important part in stability thcory. IHither-
to many of thusd darivatives when oxpressed.in a non-dimensional form
h~wve buen rirded az substuntinlly "inveriable with spced. Modern gero=
plancs, however, . now atteining loudings ~nd aspecds at which distor-
tion of th. structurce :nd camprueasibility offucts are introducing vari-
ations with 4pocd of nome of thisc durivatives, and these variations can-
not te neasl-o.cted.  The woner:l thoory of longitudinal stability has
thorefure beun extonded und the dufinitions of turmas ruvised to cope with
these 't cta,

2 ‘Jonersl Definitions

2.1 Stick Fixed nnd ¥roe . : 327036

Stability is considered in two distinct conditions:

(a) With.ih. astick (or cluvator) set to trim. in steady flight and then
held fired throughout the subsequent motion.

(b) with the trimmer sct to trim with zero stick force in stendy flight
and thu ntlck luft frue throughout the subsequent motion.

An rwroplone may bu stnble with stick fixed and unstable with stick free
or vice vers.. The stick movements which thu pilot has to moke to con-
trol the acroplone nire rulatcd to the stick fixed condition, while the
forcus depund on the stick frec condition.

The pilot is most inturusted in stick freu stability, being relative-
ly insensitive to stiok movements, The difforence between stick fixed
and stick frue stibility depunds on the degree of static mass-balance of
the clevator ~nd on thu dasign of its ncrodynimic balance and is there-
fore ndjustnbl. within certain limits, Stick fixud stnbility is a pro-
puerty of the desiyn s n whole and herein 1live its importnnce. To
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Teoh, Note No. Aero. 1821.

-eliminate the effuct of distortion of the elevator control circuit, whioh
my vary from onc auropla.nc. to anothur, it is usual to interpret "stick
fixed". "e¢lovator fixed" at the attachment of the operating lever,

2,2 3Statio 3tability

Static stability éan Lo very eusily defined in the simple "basio"
case with ungine off, when therv are no effects, such na those due to
slipstreom, ’tru«.tural distortion or compressibility, to oause variations
in the »itehing moment ooufficient with spced, In this czse it oan be
anid th..t, shen the wwroplane is flying in a strnight glide ond is dis-
plac.d throusi a mmcll angle of pitch, static stability is positive if
the static moment tunds to rustore it to the initinl condition, and nega-
tive it' the initinl disturbince tunds to incrcnse., As the statio stabi-
1lity .changes from posztiv\. to negitive, instobility in the form of o
divergunce duvelops in thoe dynamic motion (svu para,2.3). To prescrve
thias rclitionship betiuun static nnd dynamic st~bility in the general
Jense, the dufinition must include = change in speud ~s well as incidenoe
vhen the coroplane is displacud from the cquilibrium condition., The
following mor- pruoisc dcufinition covers ull ouaus.

Supposu in wcroplane is trimmed for straight flight at a given speed,
incid¢nee “nd cngine condition and is thun held in a currcnt of air at
the same enpiine condition ~nd clevator position but at & slightly higher
spéed and @t the incidunce appropriate to straight flight at that higher
apcud, The neroplane is thun statically stable with stick fixed if the
pitching momunt tunda to ruestorv it to thu original incidence. In flight
. the ¢luvator srosition must Le chenged to maintain atraight flight at the

modifled speed, the chingue twing proportional to the rustoring or dis-
turbing mam.nt. The -aroplane is therufore stoblu with stick fixed if
thy otick is moved forird (cluv-tor down) to trim for straight flight at
o slightly hijher spued.

The swie arguncnt oprlics with stiok frue, In this case the acroplane
is staticully at-blu if 2 sush forew or upward change in tob angle is re-
quirud for striight flight .t n specd slightly higher than the trimmed
spced, .

2.3 Dynyuic 3tability

If the swropl-ne ia dynumieslly stable stick fixed, it vill, after
& mm<ll tempor:-ry disturbance, return to the initinl trimmed state, with
the stick held fixed., Sinilurly, i the stick is left free, and tho
avropl:in. roturns to the initial trimmd state, it is said to be dynami-
0:11ly stable siick freu, The disturbances in speed and incidence may
subside grodu-lly, the -umplitude beinge halved in T scconds, or the speed
=nd incidunce nay ovsoillate sbout the trimmed v-lucs. In both cnscs the
damping is ..o-.sured by 1/T where T is the time to halve the nmplitude.

For n c..yn aandeally unstably ~wroplan: the spoed and incidence may
diverge from the trimmed valucs or may osolillatu about them with ever
incruasing wmplitude., Tho rate of growth is then measurcd by the time T
.. Yo doubly the smplitude (it is then s2id thnat the time to halve the am-
- plitude is -T).

Imrivdiately after a disturbance the motion is & combination of
aeveral riodes, but after ashort tinw the hewvily damped modes dic out
and the hotion takus the fom of thu lcast stable mode.. Onc of the nodea
. will bu 2 divergence when thu u.t.roplnm. is statically unstable,  Thus, a
_ata.tioally ungtable nwroplone is ulso dynumically unstable, but a stati-
cally atuble acroplan is not. nucessarily dynamically stable.

-2 -




Tech. Note No, Aero, 1821,

Baslc ‘he of Statio b4 1

' ‘sssumiiions

The force and moment coeffiocients CL, Cp, Cm and CH are assumed
indepunrient of spevd and air density. The effeots of slipstreanm,
structural distortion and compressibility are thus excluded.

(2) The air dcnaity rcmoins constunt during the motion.

(3) The monent cocfriciunts ) and Cg are lineor functions of incidence
and conirol suttiraas.

(4) ‘The flisht pzth engle is snall, f.e. the 1ift is equal to tho
weight Hf* the acroplunc in ste...dy flight.

(5) Ihe 1ift on tiw tail is ncglected in oomparison with the 1ift on
thu wing.

3.2 Neutr:l roint

The nuntral point is the position of the C.G. at which the astatio
stability is neutruil. The sqne vluvator angle will, therefore, trim the
agroplun. 2t 111 n;ucds when the (L8, colncides with the neutral point
with stick tixed, Similarly, =t the noutrel point with stick free, if
the t:b ansle in 5ot to trim with stick free at one speud, there will be
nov force om tin atick for tr:.m at _any othur sputd. 'The position of the
neutral point is defined @ it h, @ behind the lcoading vdge of the mean

chord with ctick fixcd =nd =t h', € with atick fruc. If the dista.nce of
the C.h, frow th: 1o ding wdge of the nezn chord is denoted by ho the
~eropl-nw is stitictily steule with stick fixed when h¢hy and w:l.th
stick frec vhen h<h'y,

3.3  Static or Gl oorgin .

fhe auerce ot ntntic stabllity 1s measured by the atatio margin.
This is the rte of chunge of the negative pitching moment ooefficient
with Cp, vhers, in neoordency with assumption (4) above:

CrkPves = & veeesesne(l)

In thc busic thueory th. atatic m-rgin is also equal to the 0.G., margin
hy - hor h' - h, the distunce of the C.G. chead of the neutrel point
cxpreased in turms of the mean chord. Thus, with stick fixed, the
atetic mergin is
4ac
S = hy -
) T0p fixed = hp - b, R ¢

where Cp and Cp, are measurcd with the clevator and trimmer fixed.
Similarly, with stick frue, thu static margin is

dG,.
K'n-:‘%;f!‘\a'e:h'n-h . ’ ..o.-----(})

whers G and Cp, ~re me :nured with the trimmer fixed and the stick free,
In flighl teats the static mergin with stick fixed is determined

from thu vluv.tor po..;twns rvquircd to maintain steady flight at each
spe(,d. Thus-

-3 -
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where: M is the clevator angle requircd for trim and 3Cp/0n is measured
with C; oonstant, Similarly with stiok free

, 3 afb
Kn'—'-—a%naaﬁg 000000000(5)

where P is the tab anglc for trim. Alternatively B may be kept oon-
stant and the hinTc moment eocffioient CH determined from stick foroe
measurvments, Then :

2 aCy
._K'n=-.TgE ac—L. essssssse(6)

4 More Juntral Thuory of Static Stability:
44  Azsumptions

A mor-. genvral theory has buun dcveloped to include the effeots of
struotural distortion and of comprussibility below the shock stall. A
dotailed JJdeiciiption of the theory is impossible here, and reference
should bu made to K.a.E, keports?s€, sssumptions (2) and (3) of the
basic theory (paru.d.?) are rotained, “ccuuse of assumption (3) the
«ffeots of slipstreum or woke ore not complietely covervd, while assump-
tion (4) cun be discarded only if the offvots of varying air density
arv neglocted. .

In the cemer:l theory Cp in cquation (1) is replaocd by CR =
R/ - V73 » hure K is the resultant of the zerodynamic and tractive
foroce :oting on the twropline (1ift, érny =nd propeller thrust).

In general the static m-rpin is not vquzl to the distance of the
C.Ge chend of the neutril poirt wnd a clear distinction butween statio
and GG, marsing is ..33unti'l, The theory stresscs the importance of
the st-tic mruan ‘8 the mosure of strtio stability, the position of the
neutrzl point buing rulztively insignificant.

4.2 St.tio iorgin

#ith stick fixecd
. a %, a m i
hl'1=-¢3,&cR fixed = ~ Bn TR seeeennee(?)

whore Cp and. Cg are measured =t the spccd' V given by the rclationship
Crk PV38 = w R €:))

ond thu slope dG,/dCh .t n siven Cp is measured at = 0, i.v. with
the vlevetor in_the oorriet position far trim at that Cg. In the
vatimution of AW/dACK fram flight teats this condition is automatically
satisficd. The slope Cp/AM is measured with V as well as Cp con-
stant at the -ppropriate v.due given by (8).

Similar conditions upply to the measurcment of the statio morgin
with ztick freu. o

~ dac, dCy

n -‘('E)Ef!‘cu- -........(9)
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also ucg/dc,( muat be measured at the trimmer setting for which Oy = 0
at the chosen Cp.

%.3 Neutral oint and C,G. Marpin

The neutral yeoint at hnc or h' n° is the C,G. position for which tha
static margin is ucro,

-

The C.. murzin is piven by:

H =h_ «h
n n ooo-ooo-t(1°)
R'p=h'y=-h

At any particular speud £, (or K'y) is proportional to Hp(or H'y),
but the factor of proportionality varies with specd and may become in-
finite or neoutive, Thus it is porrible for the ncutral point to be
shead of° tin: -ing und the £,G. margin to be negative while the static
aargin ie jositive, 1In such cusus it is obvious that the static margin
apd not the U.h marcin ¢efines the doerree of static stabllity.

5 anoc vt ility

The 1.4 .onae t0 wlevator control cwn bu defincd in terms of the
ritio of the | ilot's action in n juli-out from u dive to the centrifugal
acoslirstivn built 2 » in the ~ulleout. "This rotio varies with the pilot's

techniouu —n! the atie. rowhed in the sulleout, To £ix a definite
erit.rion it o conv-nient to aszum: nn an anproximation to the behaviour
in th. jull-ocut *hot:

(=) =toiddy £liht in «n arce of a circle in the vertical plane at

coarst-rt s od nnd eentrifupral teecloration ng can be
:insuin .d,

(h) enimea an tao rvity componunt during the manoecuvre con be
n. rleoted in eommorison with the euntrifugal aceclcration,

The differenc., z, (or ©), totueen the stick position (or force)
to medntair the contr:fils:l accolurtion nye and the position (or force)
to trim in atrzisht lisht At the sum gpu.d is proportional to ng, and
huenee o obtiin thoe vritoric:

(1) G4 = '=tick travel pur a' = z./n,

. o--u---oo(11)
(2) @ = 'stick forc. per ' = 1/n,

The munoruvye yoints, stick fixed and frec, arc the C.G, positions
=4 which w4 »nil . = 0 reascetivily. Thoy ure denoted as belng at
hnc and h', 7-' Pt .c.,lu,ly, from the luwdineg vdze of the mean chord c-

The munouusr. dearring wr. oquael to the distancus of the C.G. ahead
of tne munocuvre nointy.  They nre written as:

hy, = It with stick fixcd
cereeenne(12)
= h', - h with stick free )

The eriteris iy =nd ¢ arc proportional to HpCp and H'yCr, respeotively.

In the seneral theory thu fractor of proportionality is a funoction of
specd,

-5 -
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6 Belat.ionél:li..p between Static and Manoeuvre Margins and Dynamjc
- Stability

6.1 Dlasic _iheorvy

" §ith the simplifying assumptions of the basio theory there is a
elosc relationship butween the static and manoeuvre margins, given by:

T ... U ..
R N L LR EL

N m!
W', =K', h'y-h-

The relative density ¥y = P#P;Sb incroaaes. with wing lbadi.ng and

¢ m ¢ m . .
altitude, The turms - — ”4 and - = -;‘-9 are due to the angular velocity
a 1 [} L]
in th: oull-out, _On convuntionul acroploncs they are respeetively cqual

Vo Vo
to B 1 2 1 and ruprusent the dumping off'cet of the tail plane,
H L .
1 1

The atove uqutions uxpress the fact that the manoceuvre point in
the basic cuse liuvs aft of the C,5, position for neutral static
stability by :.n umount auch thut in pitching motion with the C.G. at
the muanocuvrye voint the couple duc to the static instability is Just
balane.d £y the dmpin; couple. The order of this amount varics from
0,02 for - fightuer .t high zltitude to 0,10c for a2 large bomber or
civil =ir lin.r n.-a the iround,

. Flight sith the C.¢. in the region of the menovuvre point is
charzcturizea by - 1*did ch.nze of normzl zeccleration following amcll,
end possibly inadvertent, movements of the vluveotor,

6.2 Gunural Theory

In the gunoer 1 theory changes in the derivatives with spced have
2 more¢ pronounced . ffuot on the statio margin than on the manoeuvre
margin, vhich is 1vluted to conditiona at constant specd, The result
is thet, in gonoersl, the statie margin may be greater or less thon the
manoguvre marsin by quite large -mounts. On the relative values of the
two m:urging dupunds the relutionship between statio and dynamic stability,
including the bohuviour in dives ond pulle=outs.

6.3 Dynusic St-bility

when the atatic nnd munocuvre margins are both.large and positive,
the motion with stick fixed oonsists of two oscillatory modes:

(2) « slowly dompud phugoid with 2 period of the order of
’ 30 scconds. :

(b) & well dwmped pitching oscillation with a period of fram
2 to 8 ncoonds, gencrally roferred to as the short. period
oscillation, .
Wiith stick frue there is an ndditional heavily damped rapid osoillae

tion of thu vluvutor, anmd the pitching oscillation moy under certain

oonditions bucom. unatable,

-0 -
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Ingstobility of the following types will ococur when the margins
becomu amall or nugotive:

(=) Rp>H,>0

¢ of Instobil
Unstoble phugoid oscillation when
Kn is large and Hy is small,

(b) K,<O0, 1, >0
(e¢) K, >0, <0

Slow divergenoce,

Very unstoble oscillation or rapid
divergence,

(&) Kp<oO, Hy<O
The behaviour with stick free is similar,

Rapid divergence,

P = e e 7 ST
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